SUMMARY 24
Mosquito blood cells are ancestral immune cells that help control infection by vector-borne 25 pathogens. Despite their importance, little is known about mosquito blood cell biology beyond the 26 ambiguous morphological and functional criteria used for their classification. Here we combined 27 the power of single-cell RNA-sequencing, imaging flow cytometry and single-molecule RNA 28 hybridization to analyze blood cells of the malaria mosquito Anopheles gambiae. By 29 demonstrating that blood cells express nearly half of the mosquito transcriptome, our dataset 30 represents an unprecedented view into their transcriptional machinery. Analyses of differentially 31 expressed genes identified transcriptional signatures of two distinct cell types that challenge the 32 current morphology-based classification of these cells. We further demonstrated an active transfer 33 of a cellular marker between blood cells that confounds their identity. We propose that cell-to-cell 34 exchange is broadly relevant for cell type classification and may account for the remarkable 35 cellular diversity observed in nature. 36
INTRODUCTION 38
The cell is the basic building block of all living organisms. All the major decisions coordinating 39 systems at the organismal level, be it life or death, health or disease, start within a cell. In 40 eukaryotes, multicellularity came with cell compartmentalization and specialization. Cells found in 41 the blood, or hemolymph in invertebrates, have received numerous denominations, such as 42 hemocytes, amebocytes, phagocytes, coelomocytes and immunocytes (Ottaviani and 43 Franceschi, 1997) . Regardless of their names, these cells play key roles in shaping the 44 extracellular environment and helping fight infection all throughout the animal kingdom. In insects, 45 blood cells are found circulating by the flow of hemolymph, or as sessile cells associated with 46 internal organs (Ribeiro and Brehelin, 2006) . These cells are considered the equivalent of 47 leukocytes in mammals, and display extraordinary functional resemblances to neutrophils, 48 monocytes and macrophages, e.g. phagocytic abilities, chemotaxis, production of antimicrobial 49 peptides, free radicals and cytokine-like molecules (Bergin et al., 2005; Browne et al., 2013; 50 Buchmann, 2014; Costa et al., 2005; Lavine and Strand, 2002) . Contrary to the well-established 51 classification of human leukocytes, blood cell type classification is controversial in insects, with 52 similar terms being used for different cell morphologies even within the same insect order 53 4 2013). Although it has been demonstrated that mosquito hemocytes increase in numbers upon 88 blood feeding and infection, in the absence of known hematopoietic organs (Bryant and Michel, 89 2014; King and Hillyer, 2013) , the pathways underlining their differentiation into these three 90 classes remain unknown. Whether the current classification represents true discrete cell types or 91 states, and if mosquito blood cell subpopulations exist, are also yet to be explored. In humans 92 and mice, single-cell transcriptomics have recently began to tackle similar questions. It is now 93 also increasingly evident that significant functional differences and considerable variability in gene 94 expression can be recognized in cells long considered to be of the same type (Gaublomme et al., 95 2015; Grun et al., 2015; Shalek et al., 2014) . The use of single-cell approaches to explore cellular 96 heterogeneity in non-model organisms holds the promise to uncover unforeseen complexity, and 97 identify cellular populations that would be forever 'masked' in bulk, enrichment-based 98 measurements. In addition, single-cell studies of invertebrates can contribute to comparative 99 analyses of cellular diversity across different systems. 100
Here we unravel the molecular fingerprint of a subset of mosquito blood cells at a single-cell level, 101 and show that naïve, unstimulated hemocytes express nearly half of the mosquito transcriptome. 102
Our dataset represents a valuable resource for further studies of transcriptional regulation in 103 mosquitoes, and paves the way for the identification of new molecules controlling infection by 104 vector-borne pathogens. By applying fluorescence-activated cell sorting (FACS), single-cell RNA-105 sequencing (scRNA-seq) and high-throughput imaging flow cytometry to the analysis of mosquito 106 hemocytes, our unparalleled study identifies two distinct blood cell subpopulations. Remarkably, 107 the identified cell subsets do not directly correspond to the current morphological and functional 108 classification of mosquito blood cells, and indicate that the emerging observations of cellular 109 heterogeneity in humans and mice are also characteristic of ancestral blood cells. Our findings 110 further reveal active molecular exchange between mosquito blood cells and the presence of 111 extracellular vesicles (EVs) in the mosquito hemolymph. Shuffling of mRNA and proteins between 112 distinct cell types can influence cellular identity and, in turn, confound cell type identification and 113 classification. Altogether, we demonstrate the power of single-cell technologies in shedding light 114 on the contribution of cell-to-cell exchange to cellular diversity and provide a new perspective on 115 the discussion of the slippery concept of 'cell types'. 
Single-cell RNA-sequencing of blood cells from PPO6::RFP transgenic mosquitoes 120
In the absence of hemocyte-specific antibodies and dyes, or of transgenic mosquitoes expressing 121 pan-hemocyte markers, we chose to explore a subset of blood cells identified in a transgenic 122 mosquito strain expressing a red fluorescence reporter (tdTomato, abbreviated herein as RFP) 123 under the control of the prophenoloxidase 6 (PPO6) melanization-related gene (PPO6::RFP) 124 (Volohonsky et al., 2015) . Melanization is a well-established immune response of invertebrates 125 that controls infection against bacteria and parasites (Abraham et al., 2005; Christensen et al., 126 2005; Hillyer and Strand, 2014; Michel et al., 2005) . Several reports suggest that melanization is 127 mediated by a specific cell population called oenocytoids, which represents approximately 10% 128 of the blood cells (Castillo et al., 2006; Hillyer and Strand, 2014) , but these cells have not been 129 directly explored. Our focus was on cells obtained in the absence of infection or blood feeding, 130
i.e. during homeostasis because it provides a baseline for analysis of cell-to-cell variation. Using 131 this transgenic strain, we first investigated whether RFP-positive hemocytes were present in the 132 mosquito circulation. For that, we perfused hemolymph onto microscope slides and identified cells 133 displaying RFP fluorescence within the size range predictive of hemocytes ( Figure 1A ). RFP 134 signal was also observed in hemocytes attached to the inner abdominal wall of dissected adult 135 female mosquitoes, where fat body cells are most prominent ( Figure 1B , arrow). As expected, the 136 hemolymph perfusate was, however, heavily contaminated with a mixture of cells and 137 subcellular/tissue debris (Castillo et al., 2006) . To purify live RFP-positive cells, we developed a 138 FACS approach based on RFP expression and Hoechst nuclear staining, and validated our 139 purification method by microscopic inspection of sorted cells ( Figure 1C -D). Notably, the sorted 140 cell population corresponded to 0.1% of the total events measured (n=100,000) in the perfusate 141 of at least 10 mosquitoes (see Methods). This is in accordance with previous work indicating that 142 only a small subset of adult mosquito hemocytes produce PPOs (Hillyer and Strand, 2014) . 143
Next, we FACS-sorted single blood cells and performed scRNA-seq to capture the transcriptome 144 of single PPO-producing blood cells ( Figure 1E ). Hemocytes were sorted into a 96-well plate and 145 after sample processing and quality assessment (see Methods), we obtained successful cDNA 146 amplification for 56 single-cells in addition to two pools of 30 cells each, from which 28 high quality 147
cDNA libraries were sequenced, representing 26 single hemocytes and the two pooled samples 148 (Figure S1A-D). As a single mosquito can contain as little as 500 blood cells in the circulation 149 (Bryant and Michel, 2014; Hillyer, 2010) , we believe the small number of cells analyzed reflects a 150 6 combination of technical limitations inherent to our approach. First, blood cell isolation is not trivial 151 in mosquitoes, as it requires hemolymph perfusion under micromanipulation followed by cell 152 purification, posing great difficulty in obtaining high numbers of live cells. Second, mosquito blood 153 cells reportedly vary in size from as little as 2 to 20 μm (Brayner et Indeed, our sequencing generated on average 4.5 million reads per sample, well-above the 164 minimum of one million reads previously suggested as a requirement for adequate single-cell 165 studies (Wu et al., 2014) . Over 70% of the reads were successfully mapped, with exonic reads 166 comprising of more than 40% (Figure S1E-F and Table S1 ). All samples achieved saturation at 167 around 2 million reads, comparable to previously observed for mammalian cells (Wu et al., 2014) . 168
For further analyses, we discarded one cell as it showed gene expression suggestive of a doublet 169 ( Figure S1F ). Doublets have been reported in the circulation of adult female mosquitoes (King 170 and Hillyer, 2013) and may fall within a size range comparable to larger hemocytes. Around 3,800 171 genes were detected in each pool, whereas single-cells expressed between 450 and 1,400 genes. 172 Similar expression profiles were obtained for pools and single-cells ( Figure 1F ) with comparable 173 numbers of detected genes only in single-cells or in the pools (1,100 and 1,200 genes, 174 respectively) ( Figure 1G ). The marker genes used for FACS-sorting (PPO6 and tdTomato) were 175 identified in both single-cells and pools (Table S2) , confirming the efficiency of our method. 176
Altogether, our results show that the transcriptome of mosquito hemocytes comprises of over 177 6,000 genes, of which more than half (3,400) had not been identified in earlier studies ( Mosquito hemocyte biology has been mostly studied in the context of immunity. We, thus, 183 inspected our dataset for previously identified immune genes. Several members of immune 184 pathways were expressed at low levels in some naïve hemocytes, such as the transcription 185 factors REL1 (AGAP009515) and REL2 (AGAP006747), Cactus (AGAP007938), 186
IkBb (AGAP009166) and IkBg (AGAP005933), and the receptors PGRP-LC (AGAP005203) and 187 PGRP-S1 (AGAP000536) ( Table S2 ). Components of the complement cascade, e.g. TEP1 188 (AGAP010815), APL1C (AGAP007033), LRIM1 (AGAP006348) and HPX2 (AGAP009033), were 189 also detected in some cells, along with the LPS-induced TNFα transcription factor (LITAF)-like 3 190 
Identification of blood cell subpopulations 221
To account for the technical noise arising from the small amounts of RNA, we included in our 222 samples External RNA Controls Consortium spike-ins (ERCC) prior to cDNA amplification (Baker 223 et al., 2005) . We analyzed percentage of spike-ins and mitochondrial counts as a proxy for 224 sequencing efficiency, RNA degradation or incomplete lysis and potential cell death. As 225 anticipated, variation was observed (Figure S1I-J), but caution was taken in applying these criteria 226 and attributing them biological meaning because variability could have arisen from true cell type-227 related processes. Differences in total number of expressed genes could also have stemmed from 228 different morphologies and cell types. Therefore, we decided not to further discard any cells, and 229 manually curated their individual mappings to confirm that the samples corresponded to 230 potentially true representations of mosquito blood cells. To estimate technical noise, we applied 231 the variability threshold based on the square of the coefficient of variation (CV 2 ) of the spike-ins 232 (Brennecke et al., 2013) , and identified 148 genes whose expression exceeded the variability 233 threshold modeled by the spike-ins ( Figure 2A) . These highly variable genes included a 234 scavenger receptor, fibrinogen-related and leucine-rich repeat-containing proteins, as well as 235 genes involved in vesicle transport, metabolism and transcription (Table S3 ). No genes directly 236 associated with cell cycle had high variability, although several cyclin genes were detected in 237 specific cells (Table S2) , corroborating previous reports of the potential of mosquito hemocytes 238 to undergo cellular division Michel, 2014, 2016; King and Hillyer, 2013) . 239
Considering the variable genes, we carried out hierarchical clustering based on pairwise Pearson 240 correlation, which suggested the presence of at least two groups of mosquito blood cells in our 241 samples ( Figure 2B ). Principal component analysis (PCA) also yielded two cell populations, 242 supporting our clustering results ( Figure 2C ). Interestingly, the expression levels of PPO6 showed 243 high variability, and the overlay of PPO6 expression onto the PCA plot suggested that the two 244 clusters were largely characterized by low and high expression of PPO6. Differences in the PPO6 245 expression levels have been previously described by immunofluorescence microscopy (Bryant 246 and Michel, 2016) but have not been associated with cell types. Moreover, from the ten PPO 247 genes encoded in the A. gambiae genome, eight were observed in our sequencing and six of 248 10 them, as well as the RFP reporter, had variable expression between individual cells and the 249 groups ( Figure 2D and Table S3 ). Hence, we designated these two groups as PPO6 high and 250 
PPO6 high and PPO6 low cells represent transcriptionally distinct subpopulations 269
Among the highly variable genes, we detected several FBN sequences, such as FBN8, 10 and 270 30. PPO6 high cells showed high expression levels of FBN10 ( Figure 3A , left panel), whereas 271 PPO6 low cells exhibited weak or lack expression of FBN8, 10 and 30 ( Figure 3A , Table S3 ). 272
Although below the ERCC-defined variability threshold, likely due to the small number of cells 273 analyzed, expression of the antimicrobial peptide gene lysozyme type I (LysI) (AGAP011119) was 274 more characteristic of PPO6 low cells ( Figure 3A, middle panel) . In the search for a pan-hemocyte 275 marker, we also identified expression of phagocytic receptor Nimrod in both groups of cells 276 ( Figure 3A, right panel) . To validate the in silico data, we performed single-molecule RNA 277 fluorescence in situ hybridization (RNA-FISH), and observed co-expression of tdTomato and 278 PPO6 in all PPO6::RFP hemocytes, with no detection of tdTomato in blood cells isolated from 279 wild-type mosquitoes ( Figure S2A -B, and data not shown). In terms of PPO6 levels, RNA-FISH 280 accurately distinguished PPO6 high and PPO6 low hemocytes, confirming our bioinformatics results. 281
Consistently, PPO6 high cells showed high levels of FBN10, which were very low or absent in 282 PPO6 low cells. High levels of LysI were found in PPO6 low cells, reinforcing the presence of 283 PPO6 low /FBN10 low /LysI high cells; and Nimrod was near ubiquitously expressed in all perfused 284 hemocytes ( Figure 3B ). We took advantage of the high conservation levels of PPO6, LysI and 285
Nimrod in the closely related mosquito species, Anopheles stephensi, the Asian malaria vector, 286 to explore whether the newly discovered blood cell subgroups were present in other anopheline 287 mosquitoes. Indeed, PPO6 high and PPO6 low /LysI high cells were seen, along with a low degree of 288 expression of Nimrod. No FBN10 was measured ( Figure S2C ), probably due to the specificity of 289 the probe to A. gambiae and the large diversity of this gene family. 290
To obtain the transcriptional signatures of PPO6 high and PPO6 low cells, we compared the overall 291 gene expression between these two groups. Based on differentially expressed genes, gene 292 ontology (GO) analyses uncovered that melanization characterized PPO6 high cells, whereas 293 metabolism and RNA processing defined the PPO6 low subset (Table S4) . Although not significant, 294 PPO6 low cells appeared to express more genes in total, but mitochondrial counts did not differ 295 between the groups ( Figure S2D ). These findings suggest that PPO6 high cells are specialized for 296 melanization responses, expressing genes involved in these processes at very high levels, Mosquito blood cells are functionally and morphologically separated into three classes -326 granulocytes, oenocytoids and prohemocytes -based on microscopic studies of surface-attached 327 cells. Our GO analyses suggested the presence of a PPO-specialized cell population and a 328 second cell subset of a less specific nature. Based on that, we reasoned that PPO6 high and 329 PPO6 low cell groups could be representatives of oenocytoids and granulocytes, respectively. As 330 phagocytosis is a hallmark of granulocytes, we first explored functional differences between these 331 cells using magnetic bead uptake as means for "phagocyte" isolation, as suggested before (Smith 332 et al., 2016) . To this end, we injected mosquitoes with magnetic beads and either allowed them 333 to rest at 28°C prior to hemolymph perfusion or incubated the mosquitoes at 4°C to inhibit 334 phagocytosis. To our surprise, both PPO6 high and PPO6 low cells were identified among 335 magnetically isolated cells and under both conditions, suggesting that instead of phagocytosis, 336 both cell types endocytosed the beads, as no differences in bead uptake were observed when 337 this assay was performed under cold conditions ( Figure 4A , arrows). To confirm these findings, 338
we compared the gene profiles of PPO-producing cells to the proteomics results obtained by 339
Smith et al using magnetic bead isolation at 28°C only (Smith et al., 2016) . Our analyses revealed 340 that similarities were the strongest when profiles were compared across all samples -PPO6 high , 341 PPO6 low , phagocytes and all cells, i.e. unselected cells obtained in the absence of magnetic 342 isolation. PPO6 high and PPO6 low shared expression of more genes with phagocytes when 343 considered together rather than alone, indicating that neither PPO6 high and PPO6 low cell types 344 shared striking similarities with phagocytes at the gene/protein level ( Figure 4B ). In agreement, 345 nearly all PPOs were present in all samples ( Figure 4B' ). Overall, these findings did not detect 346 functional differences between PPO6 high and PPO6 low cells. We conclude that endocytic 347 capabilities likely characterize both granulocytes, considered the "true" phagocytic cell type, and 348 oenocytoids, known as the major source of PPOs. 349
Next, we sought to investigate whether the identified cell populations could be distinguished 350 based on their morphology using imaging flow cytometry and RFP fluorescence as a proxy for 351 and Michel, 2014 and Michel, , 2016 , we did not detect the cells of 2 µm in size described by other research 358 groups based on label-free light microscopy alone (Rodrigues et al., 2010; Smith et al., 2015) . 359
When comparing the cell groups in terms of bright-field measurements of their cytoplasm (see 360 Methods), PPO6 low cells showed smaller cytoplasmic area, width, and minor axis than PPO6 high 361 cells ( Figure 4E and Figure S3 ). No differences between the groups were detected in granularity 362 or cell shape ( Figure S8 and Table S5 ). To our surprise, PPO6 high and PPO6 low cells were equally 363 circular. At times, cells from both groups also displayed an elongated shape, typical of the 364 cytoplasmic extensions seen in fusiform or spindle-shaped cells. This fusiform shape is 365 characteristic of plasmatocytes, described in other insects (Ribeiro and Brehelin, 2006) . These 366 results failed to morphologically assign RFP-positive cells to any of the morphologically-defined 367 groups: granulocytes, plasmatocytes, or oenocytoids. In fact, the highest discriminating factors 368 (Fisher's linear discriminant, see Methods) separating PPO6 high and PPO6 low subpopulations 369 relied on RFP intensity alone, with bright-field parameters scoring poorly and failing to establish 370 a morphological distinction between the cells (Table S6 ). Importantly, our imaging flow cytometry 371 approach relied on morphological analyses of cells in suspension, which is unbiased and likely 372 more relevant for the identification of the cellular types found in the hemolymph circulation. This 373 might explain differences obtained relative to previous studies that focused on cells attached to 374 glass slides, which might be rather reflective of cell 'states' driven by activation of the cellular 375 attachment and adhesion machineries upon exposure to electrostatically charged glass. 376
In addition to RFP intensity, the cell groups differed in their RFP area. PPO6 high cells displayed 377 an overall cytoplasmic distribution of the RFP signal, whereas a more localized and globular signal 378 was detected in the cytoplasm of PPO6 low cells, where RFP lobes were also more numerous, 379 reinforcing the localized nature of the RFP signal ( Figure 4D producing cells display vesicles. We were, therefore, puzzled by the possibility that the RFP signal 416 analyzed in our cell sorting approach could have partially originated from RFP-positive vesicles. 417
Earlier reports used DiD, a lipophilic cyanine dye, to label both mosquito hemocytes and 418 hemocyte-derived vesicles (Castillo et al., 2017; King and Hillyer, 2012) . To test whether the 419 localized RFP signal seen in our imaging flow cytometry was associated with vesicles, we first 420 stained PPO-producing cells with DiD and observed that RFP-positive cells indeed contained 421 DiD-positive membrane-bound and internal vesicles that were both RFP-positive and negative 422 ( Figure S4B-C) . Recently, it has also become clear that EVs are present in extracellular fluids like 423 milk, saliva and plasma, so we reasoned that EVs might be also found in the hemolymph and in 424 association with RFP-negative cells. To identify EVs in the mosquito circulation, we performed 425 imaging flow cytometry analyses using DiD and a recently published approach (Headland et al., 426 2014 ). Both DiD-positive cells and EVs could be identified in hemolymph perfusate ( Figure 5A-427   B ). EVs were detected based on their small size, weak dark-field and positive DiD fluorescence, 428 with a few EVs also displaying weak RFP signal (Figure 5B, arrowhead) . The degree of DiD 429 intensity differed between cells and did not depend on RFP fluorescence. Differential 430 18 centrifugation followed by electron microscopy confirmed the presence of EVs in hemolymph 431 perfusate of naïve female mosquitoes ( Figure 5C ). Moreover, SEM of perfused cells also revealed 432 that vesicles of different sizes and shapes, suggestive of the different vesicle types described in 433 the literature -exosomes, microvesicles and apoptotic vesicles (van der Pol et al., 2012), could 434 be indeed observed in association with naïve mosquito blood cells ( Figure S4D ). These findings 435 suggested that extracellular vesicle production is a general phenomenon that is not limited to 436
PPO-associated cells. 437
A growing body of evidence has demonstrated that RNA can be transferred between mammalian 438 cells. As RNA can be found in EVs, and our data showed that EVs are present in the mosquito 439 hemolymph, we decided to take a step further and explore the possibility that a crosstalk between 440 PPO-positive and negative cells could be responsible for the identification of PPO6 high and 441 PPO6 low cells. Strengthening this idea were the observations that (1) our scRNA-seq results 442 uncovered cells with minute levels of PPO6 and RFP, and (2) expression of PPO6 by RNA-FISH 443 was detected inside "budding" extensions associated with PPO6-positive cells ( Figure 5D ). As a 444 proof of concept, a transwell assay using blood cells from PPO6::RFP transgenic and wild-type 445 mosquitoes was developed to test the possibility that RFP mRNA can be transferred between 446 naïve transgenic and wild-type blood cells ( Figure 5E ). Remarkably, RFP transcripts were 447 observed by RNA-FISH inside wild-type blood cells after exposure to hemolymph perfusate from 448 transgenic mosquitoes ( Figure 5F Using single-cell RNA sequencing, we describe the baseline expression of a mosquito blood cell 488 in exceptional detail. An average mosquito blood cell under resting conditions expresses 489 approximately 1,000 genes, or 7% of the mosquito transcriptome. In total, about half of the genes 490 currently annotated in the mosquito genome were detected by RNA sequencing naïve, 491 unstimulated mosquito hemocytes. This represents a substantial gene expression resource for 492 further studies of tissue-specific alternative splicing, RNA editing, gene and transcript models. It 493 will also enable the establishment of transcriptional and regulatory networks that allow for more 494 precise gene enrichment and functional studies. In mosquitoes, where tissue-specific gene 495 knockdown is not available and transgenesis remains limited, functional analyses have greatly 496 relied on the use of dsRNA injections into the open body cavity. This technical limitation restricts 497 the interpretation of tissue-specificity of signaling pathways and their regulation. We believe our 498 dataset will illustrate the importance of tissue specificity studies and pave the road towards the 499 P 21 detailed mapping of gene expression in cells and tissues of different systems, with the ultimate 500 goal of creating a comprehensive reference atlas of cellular diversity. 501
By successfully applying single-cell RNA sequencing to the study of blood cells involved in 502 immunity in a major malaria vector, we demonstrated proof of the existence of at least two 503 transcriptionally distinct cell subpopulations that do not represent currently defined cell types. Our 504 results show that the majority of Anopheles blood cells likely belong to the PPO6 low type. Their 505 rich transcriptional program appears to be reminiscent of granulocytes. The second 506 subpopulation, with a transcriptional profile specialized in melanization, is suggestive of 507 oenocytoids. Nonetheless, these two transcriptionally defined cell types could not be 508 distinguished by the customary functional or morphological tests. Therefore, we suggest to call 509 them plasmatocytes and melanocytes. Interestingly, only one cell type, plasmatocytes, is 510 described in the adult Drosophila flies. Our transcriptional definition of mosquito blood cells 511 redefines the obscure cellular classification extensively used in studies of hemocytes, and is 512 particularly significant in the context of cellular proliferation and differentiation because mosquito 513 hemocyte lineages are still to be established. Given our results, it will be interesting to address 514 the spatial distribution of mosquito blood cells based on the markers identified here, especially as 515 no lymph glands or hematopoietic cell clusters have been described in mosquitoes. Tissue-516 resident blood cells likely contribute to local responses and help regulate tissue-specific events. Evidence that cellular heterogeneity can be recognized by profiling single insect blood cells, often 521 called macrophage-like, emphasizes the notion that innate immune cells are far more 522 heterogeneous than previously thought. As macrophages, along with other immune cells, have 523 their evolutionary roots in similar cells in ancestral invertebrates (Buchmann, 2014; Dzik, 2014) 524 and new cell types arise as a result of evolutionary processes (Arendt et al., 2016) , the study of 525 insect blood cells can help elucidate the origins of the immune system. 526
In humans and mice, distinct levels and patterns of fluorescence of cellular markers are widely 527 used in microscopy and flow cytometry as a means to cell type classification. Cellular crosstalk 528 may, however, affect such approaches. Acquisition of macrophage-derived "blebs" by 529 lymphocytes has been described, resulting in misrepresentation of lymphocytes as macrophages 530 in flow cytometry studies, and suggesting that these two cells may interact to control early 531 responses in the lymph node (Gray et al., 2012) . More importantly, translation of transferred 532 22 mRNAs into functional proteins has been demonstrated before (Valadi et al., 2007) along with the 533 reprogramming of acceptor cells upon microvesicle-mediated exchange (Ratajczak et al., 2006) . 534
It is, therefore, intriguing to consider that expression of specific cellular markers might be 535 influenced by EV uptake. In this scenario, signals sent via vesicles include protein-coding RNAs 536 that are normally absent in acceptor cells, which once translated, appear to be an endogenous 537 cellular marker characteristic of the donor cell population. This observation calls for a critical 538 reassessment of cellular markers by the scientific community. It is also imperative to investigate 539 whether certain protein-coding RNAs are preferentially exchanged compared to other RNAs found 540 in the cells. How PPO6 and RFP transcripts, and potentially other PPO genes, contribute to the 541 function of acceptor cells is another exciting question. PPO proteins lack the signal peptides 542 required for their secretion, and it has been suggested that PPO6 is secreted by exocytosis as 543 cell rupture has not been observed (Bryant and Michel, 2016) . It is plausible that PPO transcripts 544 are shed by professional melanocytes and processed by non-professional plasmatocytes that 545 locally activate melanization only under specific conditions, e.g. upon infection with specific 546 pathogens, or during wounding and tissue repair. Molecular signals exchanged between cells 547 can, thus, coordinate cellular plasticity and account for the diversity of functional subsets or 548 'hybrid' cells that express markers of different or multiple cell types. 549
The demonstration of mosquito blood-borne EVs indicates that different cells and tissues likely 550 communicate through vesicles secreted into the insect open circulatory system. Several recent 551 reports have suggested EV-mediated immune responses in dipteran insects. Exosome-like 552 vesicles containing virus-derived siRNAs have been identified in Drosophila and contribute to 553 systemic antiviral immunity (Tassetto et al., 2017) . Apoptotic vesicles released by hemocytes in 554 the proximity of invading parasites have been implicated in anti-Plasmodium responses by 555 activating the complement pathway in A. gambiae mosquitoes (Castillo et al., 2017) . Interestingly, 556 using a GFP reporter strain, Volohonsky et al recently reported that, the anti-malaria mosquito 557 complement-like factor TEP1 is predominately expressed in the fat body as a transcript, but at 558 the protein level it is found in hemocytes upon blood feeding and infection (Volohonsky et al., 559 2017 ). The authors speculate this is due to the uptake by the blood cells of TEP1 attached to 560 bacterial cells. As only one plasmatocyte containing low levels of TEP1 was identified in our 561 sequencing, we suggest that EV-mediated delivery of TEP1 (mRNA or protein) may better explain 562 these surprising findings. We propose that vesicles found in the mosquito hemolymph contain 563 proteins and transcripts that coordinate cell-to-cell and tissue communication not only in infection 564 but also under physiological conditions. Disturbance in homeostasis, be it by infection, metabolic
